Understanding the aerodynamic impact of swept-wing ice accretions is a crucial component of the design of modern aircraft. Computer-simulation tools are commonly used to approximate ice shapes, so the necessary level of detail or fidelity of those simulated ice shapes must be understood relative to high-fidelity representations of the ice. Previous tests were performed in the NASA Icing Research Tunnel to acquire high-fidelity ice shapes. Some of those ice shapes are based on aircraft certification requirements. From this database, full-span artificial ice shapes were designed and manufactured for both an 8.9%-scale and 13.3%-scale semispan wing model of the CRM65 which has been established as the full-scale baseline for this sweptwing project. These models were tested in the Walter H. Beech wind tunnel at Wichita State University and at the ONERA F1 facility, respectively. The data collected in the Wichita St.
I. Introduction
Understanding the effects of ice accretion on the aerodynamic performance of large scale, swept wings is a complicated problem affecting the design and certification of transport aircraft.
These effects on highly three-dimensional wings are currently not well understood and present a significant challenge to airframe manufacturers, certification authorities, and research organizations. In an effort to understand this problem, a large collaborative research program has been sponsored by NASA, the Office National d'Etudes et Recherches Aérospatiales (ONERA), and the Federal Aviation Administration (FAA). Broeren et al. 1 describes the objectives of this project in more detail. Two of the primary goals involve creating a database of realistic publicallyavailable, swept-wing ice accretions and performing aerodynamic assessments of the aerodynamic effects of those ice accretions. Aircraft manufacturers and regulators are increasingly interested in simulation tools for aircraft icing, but validation cases are necessary for these types of ice accretions. These validation ice shapes and aerodynamic performance measurements are provided by this project for swept wings. Extensive past research into the aerodynamic performance effects of ice accretion has primarily focused on airfoils and straight wings which are generally twodimensional. Bragg et al. 2 reviewed this research topic and classified ice accretions by their aerodynamic effect. A similar effort is likely necessary for swept-wing icing, but further aerodynamic test results are necessary.
Swept-wing ice accretions are extremely complex geometrically. Many conditions result in highly three-dimensional ice accretions that are often referred to as "scallops" or "lobster tails" due to their appearance and the substantial spanwise variations in the ice. Icing simulation tools like those currently being developed by NASA and ONERA have been applied through this research project 3, 4 but are unable to capture these three-dimensional variations. However, the level of fidelity to which these variations need to be captured in order to accurately predict the aerodynamics is not fully understood. One way to quantify that fidelity requirement is to test various fidelity representations of the ice shapes for their aerodynamic performance effects. As part of this collaborative research effort, an ice accretion database for large-scale swept wings has been created based on a series of tests in the Icing Research Tunnel (IRT) at the NASA Glenn
Research Center. 5 These ice accretions form the basis for the fidelity variations studied in this paper. 4 
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In aircraft icing research, ice accretions are commonly recreated to be attached to airfoils or wings for testing in dry-air wind tunnels. Generally, these recreated representations are referred to as artificial ice shapes. Throughout this work, several fidelity variations of these artificial ice shapes will be explored. A past NASA-ONERA research project investigated geometric fidelities associated with developing these artificial ice shapes. 6 During that project, modern methods of capturing three-dimensional geometries were not available, but more recently a method for creating high-fidelity artificial ice shapes has been validated using 3-D laser scanning and rapidprototype manufacturing. 7 That methodology was utilized for this project. With these capabilities applied to the swept-wing ice accretion database, numerous artificial ice shapes are available for wind tunnel testing for aerodynamic performance effects. Both low-and high-Reynolds number aerodynamic testing have been performed using these ice shapes. The ice accretion database and the aerodynamic wind tunnel models are all based on the Common Research Model (CRM). [8] [9] [10] [11] For this project, the full-scale geometry is a 65% scale version of the CRM, designated here as CRM65. 1 The design of the icing tunnel models is described by Fujiwara et al. 12 Low-Reynolds number testing was performed using an 8.9% scale model of the CRM65, and the high-Reynolds number testing utilized a 13.3% scale model. Broeren et al., 13 Camello et al., 14 and Lum et al. 15 have presented results related to the low-Reynolds number aerodynamic testing with Camello et al. making a preliminary investigation into the ice shape fidelity effects relating to the aerodynamics.
This paper will present the results of fidelity-variation studies for three ice accretions that have been tested at low-and high-Reynolds number. The primary data used for these comparisons come from the force balance measuring the integrated performance of the wing, but additional data from the model surface pressures can provide further insight regarding the flowfield. Performance parameters are defined for comparing these various ice fidelity simulations based on the data.
Comparisons are made between lift-and drag-based performance parameters over a large range of Reynolds numbers representing two different scale wind tunnel models tested at different facilities.
Companion papers by Broeren et al., 16 Lee et al., 17 and Sandu et al. 18 provide additional details regarding other aspects of these wind tunnel tests. Additionally, this paper will summarize the icing aerodynamic simulation process along with the terminology that has been developed for naming conventions for these various fidelity ice shapes. 5 

II. Wind-Tunnel Facility, Model, and Experimental Methods
A. Wind-Tunnel Facilities
The majority of the experimental data described in this work were collected at the ONERA F1 pressurized wind tunnel located at the Fauga-Mauzac Center in southern France. The closedreturn tunnel can be pressurized to 56 psi and has a test section approximately 11.5-ft high x 14.8-ft wide. The pressurization capability provides independent Reynolds and Mach number control over a range of Re = 1.6×10 6 to 11.9×10 6 and M = 0.09 to 0.34 for the tests described. Not all 16 also describe the data acquisition system in greater detail including the load ranges and associated uncertainty for each of calculated aerodynamic performance parameters. The normal and axial force values are measured using an external balance below the floor of wind tunnel that turns with the model as the angle of attack changes. The lift and drag are then calculated in the usual way to determine the forces in the coordinate system based relative to the free-stream velocity.
Since the data were collected as the model rotated continuously about the pitch axis, a custom post-processing routine was developed in order to conditionally average the continuous data into discrete data points. The plots in the paper utilize this post-processed data with 0.5 deg.
angle of attack increments. The pitching-moment coefficient was referenced to the quarter-cord of the mean aerodynamic chord. Previously published work for this swept-wing icing research project referenced the pitching-moment coefficient to a different location on the wing. In particular several papers and reports 13, 14, 19 summarizing lower-Reynolds number tests with the same model geometry used a different reference location. 6 
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The lower Reynolds number wind-tunnel tests were performed at the Walter H. Beech Memorial Wind Tunnel on the campus of Wichita State University (WSU). This closed-return wind tunnel operates at atmospheric pressure, so Reynolds number and Mach number aerodynamic effects cannot be independently investigated. The test section measures 7-ft high x 10-ft wide.
The data presented were measured at approximately Re = 1.6×10 6 and M = 0.17 or Re = 2.4×10 6 and M = 0.26. The details of the experimental setup along with an uncertainty analysis can be found in Woodard et al. 19 and the initial wind tunnel tests are described by Broeren et al. 13 and
Camello et al. 14 The data from the force balance and the surface pressures are acquired in a standard pitch-pause method, so post-processing the data into discrete points is not necessary.
All aerodynamic data (α, CL, CM, CD and Cp) presented in this paper were corrected for wind-tunnel-wall effects. The data from the F1 facility are corrected using an in-house ONERA method that yields two corrections terms, one of which is constant based on the model and wind tunnel geometry and the other proportional to the model lift coefficient. The data collected in the lower-Reynolds number, atmospheric-pressure wind tunnel at WSU are corrected using the procedure for 3D model corrections outlined in Barlow et al. 20 and implemented by WSU. 21 The magnitude of the correction to the angle of attack applied in the WSU facility has been reduced relative to past papers and reports related to this project. 13, 14, 19 Lee et al. 17 describe the motivation for the change to the angle of attack correction. In both facilities, the corrections are performed in real-time as part of the data acquisition process. Direct comparisons of aerodynamic performance parameters from the two facilities are avoided in this paper, and only relative effects are presented.
However, the companion paper by Lee et al. 17 provides comparison and analysis of the results from the two different facilities.
B. Wind-Tunnel Models Description
The two semispan models fabricated for these wind-tunnel tests were based on an 8.9%
and 13.3% scale version of the CRM65 wing. Due to the facilities for which the models were designed, the 8.9%-scale model is referred to as the WSU model, and the 13.3%-scale model is referred to as the F1 model. Table 1 summarizes the geometric parameters of the wings. The F1 model is exactly 50% larger than the WSU model. The full-scale, original CRM geometry has a realistic cruise configuration loading applied to the wing resulting in a wing shear similar to dihedral.
7 American Institute of Aeronautics and Astronautics below), this shearing or "bending" of the wing was removed from the model geometry resulting in an unsheared wing with a straight leading edge across the span of the model. The wing retains the twist and taper of the original CRM. A planform view of the F1 model is shown in Fig. 1 For the F1 model, the main body was machined from stainless steel while the removable leading edge components were machined from aluminum. For the WSU model, both the main element and the removable leading edge components were aluminum. The F1 model contained 243 pressure taps in its clean configuration, while the WSU model contained 219. Figure 2 shows photographs of the wing models installed in their respective wind tunnels with circular splitter
plates. An artificial ice shape is mounted to the leading edge of the F1 model, and the WSU model is shown in the clean configuration. Below the circular splitter plate shown in the images, a streamlined shroud isolates the wing spar from any aerodynamic loads by covering it. With this arrangement, both the splitter plate and shroud were non-metric meaning the aerodynamic forces were only measured on the wing itself. The designs of the splitter plate and shroud were specifically investigated during a preliminary test campaign utilizing the WSU model prior to the design and fabrication of the F1 model. 13, 19 American Institute of Aeronautics and Astronautics The model was designed and built with a removable leading edge that allowed artificial ice-shapes to be added to the wing. This approach has been used in previous icing aerodynamic studies 6, 22, 23, 24, 25 and allows for efficient and repeatable changes of the artificial ice-shape The artificial ice shapes were created using a rapid prototype manufacturing (RPM) technique called stereo-lithography (SLA). The SLA process utilizes an ultraviolet laser to solidify liquid polymer resins. The majority of the artificial ice shapes were manufactured from the Somos NeXt brand polymer. Some of the early ice shapes were rapid prototyped using Accura 60. The tolerances are advertised to be about +/-0.005 inches for this process for either polymer. The
Somos NeXt material was selected due to desirable advertised properties associated with the stability of the printed parts. The project potentially requires artificial ice shapes to be in storage for over one year between tests. Early work with SLA products proved challenging with regard to long-term storage. Mitigating exposure to water vapor in the air and ultra-violet radiation has been shown to drastically improve the lifetime of the parts for repeat testing. The process for creating an artificial ice shape involves adding the full-span ice shape to the necessary wing geometry, and then dividing the ice shape into sections. The leading edge was divided into three segments for the F1 model and two segments for the WSU model. All segments were approximately 37.5 inches long. Pressure taps were installed in each of these segments at the same locations as on the clean removable leading edge. The pressure tap holes were included in the RPM design, and then stainless steel tubes were glued into each hole and plumbed to a quick disconnect inside the channel between the removable leading edge and the main element.
The pressure taps in the models were primarily distributed in streamwise rows across the span of the model. On the F1 model, all pressure taps were arranged in these streamwise rows, but on the WSU model, some taps were arranged in rows normal to the leading edge. Other references contain further details on the locations of the F1 16 
C. Artificial Ice-Shape Configurations
Throughout this project, many artificial ice-shape configurations have been designed and tested. Camello et al. 14 summarized the ice shapes that have been tested at WSU. These artificial ice shapes include high-fidelity representations based directly on icing wind tunnel testing and various fidelity representations of those high-fidelity ice shapes or their associated icing conditions. Table 2 shows a subset of the complete icing condition matrix emphasizing the three conditions for which various fidelity ice shapes have been created. For all three of these conditions, different fidelity representations have been designed, built, and tested in either the F1 or WSU facility. Ice-accretion testing was performed in the NASA Icing Research Tunnel using three individual full-scale CRM65 section models. Details of the icing tests associated with this project are provided by Broeren et al. 5 The three sections, referred to as the Inboard, Midspan, and Outboard, represent y/b of 0.20, 0.64, and 0.83, respectively. Icing tests were performed for each of the models at the conditions listed in Table 2 , and the resulting ice shapes were captured using a 3D laser scanning method. 7 Full-span ice shapes were then developed from the three laser-scanned where the maximum combined cross section (MCCS) is plotted for each of the three ice shapes.
The MCCS 5 was derived from 30 section cuts over a six-inch spanwise segment of the 3D ice scan.
The section cuts were projected onto a single plane and the maximum outer boundary was obtained. The resulting MCCS profile represents the outermost extent of the ice shape over that six-inch segment. The three dimensionality of the ice shapes is not obvious in these MCCS plots, but the size variations are evident. The full-span ice shapes that are developed from the laser scans contain all of the highly three-dimensional properties of the original ice shape. In terms of fidelity, these ice shapes are called "high fidelity" meaning that they are the most detailed ice shapes available based on current understanding and technology. The limitations of the current method for actual reproduction of the ice shapes are described by Camello et al. 26 as they describe the details of the process by which the laser scans of the ice shapes are transformed into the wind-tunnel model ice shapes. Various lower fidelity representations can also be created based on the full-span high-fidelity shapes. The ice shapes described as "3D Smooth" are built by taking section cuts along the span, smoothing these cuts, and then lofting them to build a new, full-span ice shape. An example comparison Outboard between a high fidelity and 3D smooth ice shape is shown in Fig. 8 . These ice shapes are spanwise smooth in the sense that no scallops are represented, but they are three dimensional such that the ice horn height and angle vary across the span. Some past publications have described these lowerfidelity ice shapes as "2D Smooth," but that naming convention implies that the cross section of the ice shape does not vary across the span. The ice shapes detailed in this work and described as 3D smooth have substantial spanwise variation as they are derived directly from the high-fidelity ice shapes. They simply do not have the scallop features present in the high-fidelity ice shapes.
An additional category of lower-fidelity ice shapes, named "3D Simple" ice shapes, has been developed to investigate the influence of the overall ice shape. The cross section of these 3D simple ice shapes is not based directly on experimental ice shapes and could be a spoiler, backward-facing step, or other geometric-based shape. 
III. Results and Discussion
The goal of this paper is to summarize the aerodynamic-performance differences between various fidelity representations of artificial ice shapes. The effects of Reynolds and Mach number on both the clean and iced wing are discussed in detail by Broeren et al. 16 The most relevant conclusions from that paper involve the general trends observed in both the clean-and iced-wing 
A. Effect of 3D, High Fidelity Artificial Ice Shapes on Wing Performance
As a baseline for subsequent comparisons, the aerodynamic performance data for the three artificial ice shapes discussed in Section II.C are presented in Fig. 12 with the clean wing plotted as a reference. This data set comes from the highest Reynolds number case (Re = 11.9×10 6 , M = 0.23) and clearly identifies the substantial impact of the artificial ice shapes relative to the clean wing. The most significant impact on performance is readily observed to be the reduction in lift coefficient at high angles of attack and an increase in drag at all angles. The large, highly threedimensional ice shapes, Maximum Scallop and WB33, have a more substantial effect than the smaller, Streamwise/Rime ice shape. For all of the iced configurations, the lift coefficient diverges from the linear regime earlier than the clean configuration but continues to increase as the angle of attack increases. In fact, the maximum lift coefficient for the iced configurations occurs at a higher angle of attack than the angle at which the clean wing exhibits a clear stalling behavior identified by the sharp decrease in lift coefficient at slightly less than 16 deg. angle of attack. With a large number of cases for comparison, it is desirable to extract some parameters from these performance plots in order to compare Reynolds and Mach number effects as well as the fidelity variations. As described above using the example of maximum lift coefficient to define stalling angle, the standard metrics of CL,max, CD,min, and stall might not sufficiently capture the deleterious impact of the ice shapes, especially on lift. Additional performance parameters have been adapted for application to these swept-wing icing tests. Again, Broeren et al. 16 provide further details of the application to this particular swept wing. In order to more completely capture the stall progression on the swept wing, a performance parameter called "usable" or "inflection" lift is defined based on past work by Furlong and McHugh. 28 This lift coefficient is defined to be coincident with the first local minimum in the pitching moment coefficient calculated about the quarter-chord of the mean aerodynamic chord.
As the flow separation progresses inboard from the wing tip, the pitching moment about the quarter-chord of the mean aerodynamic chord eventually begins to increase indicating a substantial flow separation. As the data in 
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A useful additional parameter can also be extracted from the drag data. The minimum drag value is a convenient parameter for comparing the ice-shape fidelity variations since it occurs near zero lift, so the influence of induced drag is minimized. However, an aircraft does not operate at zero lift, so another point of comparison, at higher lift coefficient, is desirable. Lynch and Khodadoust 29 suggest a process for determining this drag coefficient, and Broeren et al. 16 explain the implementation for this particular swept wing. A lift coefficient equal to 0.6 was identified as the reference value for determining the drag coefficient, and this associated drag value is denoted as CD,0.6 to indicate that it is the drag coefficient when CL = 0.6. All of the aerodynamic performance data from the F1 tests were analyzed to determine these parameters, and selected cases from the WSU tests were evaluated as well.
B. Effect of Ice Shape Fidelity on Maximum Scallop Ice Shape
As described in Section II.C, three fidelities of the Maximum Scallop ice shape were available for comparison. Figure 13 illustrates the overall aerodynamic performance for the Maximum Scallop ice shape and the clean wing at the highest Reynolds number. The high-fidelity version has the most severe penalty in both lift and drag relative to the clean wing. When grit is added to the 3D Smooth ice shape the lift decreases and the drag increases but not nearly to the level of the high fidelity ice shape. In order to make a more thorough comparison of these fidelity variations on the wing performance, the parameters described in the preceding section are tabulated in Table 3 for lift, Table 4 for angle of attack, and Table 5 for drag at the same Reynolds and Mach number conditions in from Fig. 13 . In the tables, the differences in all of the parameters are calculated relative to the high fidelity ice shape. For the lift-and drag-based parameters, the percent different is also tabulated. These differences are calculated such that the high-fidelity value is subtracted from the low-fidelity value. An increase in lift coefficient from the high-fidelity value to the low-fidelity value results in a positive parameter. The percent difference is defined as that difference divided by the high-fidelity value such that sign or direction of change always matches between the change and percent change values. Both CL,max and CL,use decrease from the clean wing in the anticipated order. For the three ice-shape fidelities, the three dimensionality drives the lift performance. The smoothest ice shape has the largest lift, followed by the grit roughness added to the smooth ice shape, and then the high-fidelity representation. Table 4 clearly illustrates the need for multiple parameters to completely understand the performance impact from all of these artificial ice shapes.
The value of stall is higher for the high-fidelity ice shape than for the clean wing, and the stall and use values are in a different order based on the fidelity. The data presented in Table 5 for the drag-based comparison parameters show the differences and percent differences similarly to the lift-based parameters. The negative values in the table indicate that the drag is reduced for the lower-fidelity ice shapes relative to the high-fidelity shape. The trends in drag performance impact are the same, based on fidelity, using either performance parameter. The magnitude of the drag values and associated differences are much higher for CD,0.6 compared with CD,min, but the percentage effects are similar between the two parameters. Both parameters indicate that adding grit to the 3D smooth ice shape increases the drag penalty toward the high-fidelity representation, but that the 3D smooth + grit ice shapes still fall over 20% lower than the impact due to the high-fidelity ice shape. These results indicate that, for highly threedimensional ice formations like the Maximum Scallop ice shape, the smooth representations are not conservative approximations of the icing impact even when grit roughness is added to the ice shape. The surface pressures measured on the wing can be linearly interpolated to create pressure contour plots as shown in affect the progression of flow separation and stall. However, those studies will be the subject of future work. Sandu et al. 18 investigate some of these flowfield differences in greater details for the Maximum Scallop ice shape.
C. Effect of Ice Shape Fidelity on WB33 Ice Shape
The aerodynamic performance data are shown for the three fidelities of the WB33 ice shape plus the clean configuration in Fig. 15 . The relative differences in lift and drag coefficients between the various fidelities are similar to those shown for the Maximum Scallop ice shape. The same lift and drag performance parameters have been applied to these data sets in order to make more precise comparisons. Tables 6, 7 , and 8 contains the lift-based parameters, stall angles of attack, and the drag-based parameters, respectively. The lift coefficients track in the expected way with fidelity, and associated angles of attack generally follow the same trends. The 3D smooth + grit ice shape nearly results in the same lift coefficient as the high-fidelity ice shape. Even the 3D smooth ice shape only has a lift coefficient of less than 10% higher than the high-fidelity case.
Similarly to the Maximum Scallop comparison, the different fidelities have little impact on use
where the values of stall are all greater than the stall value for the clean wing and highest for the 3D smooth fidelity. The drag coefficients also follow the same pattern expected from the Maximum Scallop fidelity data, since the ice shapes have similar size and three-dimensionality. 25 
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The magnitude of the drag impact on this WB33 ice shape relative to fidelity is fairly similar to the Maximum Scallop ice shape as well, and this ice shape also indicates that the smooth representation, even with grit, is not conservative with regard to the impact on aerodynamic performance relative to the high-fidelity ice shape. Generalizing for the Maximum Scallop and WB33 ice shapes, the 3D smooth fidelity captures approximately 30% less drag than the highfidelity ice shape, and the 3D smooth + grit fidelity captures 25% less drag. Figure 16 illustrates the aerodynamic performance differences between the fidelities of the Streamwise/Rime ice shape. As discussed before, this ice shape has less spanwise three dimensionality relative to the other two ice shapes that have been described. As such, the differences between the high-fidelity and lower-fidelity representations are small. In fact, the performance of the 3D smooth + grit configuration actually reduces CL,max below the value measured with the high fidelity configuration as Table 9 indicates with the negative value in that column. The value of CL,use is higher for the 3D smooth + grit configuration compared to the high fidelity, but in this case, the pitching-moment coefficient shows a somewhat ambiguous minimum making it difficult to precisely identify use which could lead to determining a higher CL,use value.
D. Effect of Ice Shape Fidelity on Streamwise/Rime Ice Shape
As Fig. 16 shows, the slope of the pitching-moment curve clearly changes several degrees before the local minimum is observed. If that lower angle of attack point was identified as use, then the CL,use would be nearly identical to the high-fidelity value. The magnitude of the impact on drag is smaller for this dimensionally-smaller ice shape relative to the two previously discussed ice shapes. The stall angles are documented in Table 10 . For the other two ice shapes, the stall angle 27 American Institute of Aeronautics and Astronautics (both stall and use) increased with reduced fidelity in the ice shape. The value of stall is reduced, relative to the high-fidelity ice shape, with the addition of grit to the 3D smooth ice shape. Furthermore, the addition of the grit roughness increases the drag beyond the high-fidelity value. Table 11 summarizes the drag performance parameters for the Streamwise/Rime ice shape. These relatively large drag values associated with the 3D smooth + grit configurations are identified by the positive values in the CD columns. The grit configuration increases both CD,min and CD,0.6 by nearly 10% beyond the high-fidelity ice shape. Interestingly, although the 3D smooth + grit ice shape causes a drag increase beyond the high-fidelity ice shape, the 3D smooth ice shape still results in a reduced drag impact relative to the high fidelity ice shape. Similar to the Maximum Scallop and the WB33 ice shapes, the 3D smooth Streamwise/Rime ice shape captures less of the CD,min value relative to high fidelity. In this case, the value is approximately 10% less compared to 25% and 34% for the WB33 and Maximum Scallop cases, respectively. Even though the threedimensional features of the Streamwise/Rime ice shape are smaller, they must still have an impact on the flowfield that is not accurately captured with either the 3D smooth or the 3D smooth + grit fidelities. 
E. Effect of Ice Shape Fidelity at Smaller Scale and Lower Reynolds Number
The same three ice shapes that have been discussed in the previous three sections were also tested in the WSU facility. Some of the same fidelity configurations were tested although the configuration test matrix does not exactly overlap with those ice shapes tested in the F1 facility.
Camello et al. 14 discuss the impact of the various fidelities, and Lum et al. 15 and Sandhu et al. Similarly to the F1 data presented in the previous sections, the lift-and drag-based parameters were extracted from these data sets and summarized below. Due to differences in the way the data were collected, some of the same parameters are not available. In Table 12 , only the usable lift coefficients are included. As Fig. 17 shows, the ice shapes did not reach an absolute maximum in lift coefficient, so it could not be included in the table. The usable lift coefficient values from WSU shown in the table agree well with the data from the F1 facility. The percent differences in CL,use are slightly smaller at WSU scale relative to the F1 scale. The pitching moment calculated about the quarter-chord of the mean aerodynamic chord shows a clear local minimum, so those usable lift values and associated angles of attack are tabulated. Table 13 contains the angles of attack. The angle of attack associated with the maximum usable lift The drag-based performance parameters could all be defined for these tests, and the data are shown in Table 14 . The trends of the impact of fidelity on the drag performance are the same between the two tests at different scales. However, the changes and percent changes in both drag parameters are smaller for the WSU tests compared to the F1 tests. Figure 18 shows the performance impact of the high-fidelity WB33 ice shape on the wing. Only that fidelity representation was available, so the differences in the performance parameters are not tabulated. Figure 19 contains the performance data from the Streamwise/Rime ice shape where three different fidelities were tested. The lift-based performance parameters were not well defined for the Streamwise/Rime ice shape, so they are not tabulated. As with the Maximum Scallop ice shape, the maximum lift coefficient is not clearly achieved, although the lift might be decreasing for all of the fidelities at the secondhighest angle of attack. Additionally, the local minimum value in the pitching moment defined about the quarter-chord of the mean aerodynamic chord is not at all well-defined for any of the Streamwise/Rime ice shape, so the usable lift could not definitively be established. The drag parameters were determined and are shown in Table 15 . At this scale, the 3D smooth + grit ice shape matches the drag degradation of the high-fidelity ice shape well for both drag definitions.
The 3D smooth + grit configuration increases the drag beyond the high-fidelity version slightly but less than at the F1 scale. The 3D smooth ice shape results in less of a drag penalty relative to the high-fidelity ice shape just as in the F1 case, but the difference is larger at the WSU scale. 
F. Comparison of Ice-Shape Fidelity Effects at Different Scales
In the following figures, the data collected at both wind tunnel facilities are compared. In ice shape were not available for testing at WSU. Even though the data sets from WSU and F1 do not precisely match, the differences are small. For example, the 3D smooth + grit maximum scallop ice shape CD,0.6 value from WSU is only 14 drag counts higher than the associated value from F1. Considering the overall impact of these ice shapes on the wing performance, those drag differences are approximately 10% of the overall drag impact of the ice shape on the wing indicating that lower-Reynolds number facilities can be useful for studying the drag impact of these various fidelity ice-shape representations. Once additional ice shapes have been tested in both facilities, further comparisons can be completed to assess whether the drag performance trends identified in this section can be extrapolated to additional swept-wing ice shapes that are
Reynolds Number (10 Based on the results presented here, there are a number of suggested future studies. Ice shapes with greater fidelity variations need to be tested in both low-and high-Reynolds number facilities in order to expand the available data sets for comparison as in the preceding figures. The impact of the scalloped ice shapes on the flowfield requires additional data with different size and scallop spacing. These ice shapes could be generated from other icing tests or artificially modeled with defined scallop parameters. Other grit roughness studies could be performed to investigate whether larger grit would add sufficient three dimensionality to the 3D smooth ice shapes to match the performance degradation produced by the high-fidelity ice shapes. Additionally, ice shapes from icing simulation tools could also be tested.
IV. Summary and Conclusion
This paper primarily presents results from high-Reynolds number aerodynamic testing of a swept wing with various full-span, artificial ice shapes with an emphasis on exploring the different fidelities by which ice shapes can be represented. Additionally, low-Reynolds number aerodynamic data are also presented for comparison to the high-Reynolds number data for ice shape configurations which were tested in the two different facilities. These high-Reynolds number tests were conducted at the ONERA F1 wind tunnel using a 13. The high-fidelity ice shapes investigated were based on a series of icing wind tunnel tests in the NASA IRT. These tests at full scale provided 3-D laser scans of the ice accretions at three spanwise stations along the wing. Based on those laser scans, full-span ice shapes were developed, and these ice shapes are called "3D high fidelity" as they capture the highly three-dimensional geometry properties of the ice shapes. Lower fidelity representations can be developed from these full-span, high-fidelity ice shapes. "3D smooth" ice shapes retain the overall spanwise variation in ice-shape size, but do not have any of the gaps or scallops along the span. These ice shapes can have grit roughness applied to them to produce another category of ice shapes called "3D smooth The effect of ice-shape fidelity was investigated for these three iced configurations on the swept wing, and the aerodynamic performance was compared to the wing clean. The high-fidelity ice shapes had a substantial impact on the performance of the wing resulting in reduced lift, reduced stall angle, and increased drag. Other investigations of the same data set showed that the impact of Reynolds and Mach number was relatively small for the iced configurations, so only the highest Reynolds number cases were thoroughly examined in this work. In order to better quantify the impact of the iced configurations on the wing, additional performance parameters were applied to the data beyond standard values of maximum lift coefficient and minimum drag coefficient.
The parameters are the usable lift coefficient, defined as the lift at the first local minimum in pitching-moment coefficient referenced to the quarter-chord of the mean aerodynamic chord, and the drag coefficient at a specified lift coefficient. For this work, that lift coefficient was selected to be equal to 0.6. These performance parameters are consistent with other swept-wing literature and have also been applied to other studies of this specific data set.
The effects of the fidelity representation for the ice shapes on the wing performance were similar between the two ice-shape configurations that are highly three dimensional. The 3D highfidelity ice shape had the largest impact on both lift and drag. The effects of the 3D smooth ice shape were significantly reduced relative to the high-fidelity shape, and the 3D smooth plus grit 38 American Institute of Aeronautics and Astronautics shape fell between them. These results indicate that, for highly three-dimensional ice formations like those found on swept wings, the smooth representations are not conservative approximations of the icing impact even when grit roughness is added to the ice shape. Generalizing for the Maximum Scallop and WB33 ice shapes, the 3D smooth fidelity captures approximately 30% less drag than the high-fidelity ice shape, and the 3D smooth + grit fidelity captures 25% less drag.
The Streamwise/Rime ice shape followed a different pattern. The 3D smooth fidelity with grit roughness added to the ice shape had a larger impact on the drag performance parameters than the high fidelity. The smooth ice shape with grit increased the drag by approximately 10% compared to the high fidelity ice shape. The 3D smooth ice shape without the grit had a smaller impact on the drag parameters consistent with the more three dimensional ice shapes.
The effects of the varied-fidelity ice shapes on the drag were compared over a wide range of Reynolds numbers encompassing two different wind tunnels. Data collected in the lowReynolds number WSU facility were compared to the data collected in the high-Reynolds number F1 facility. The usable lift coefficient was compared between the two different facilities for the Maximum Scallop ice shape, and the agreement in the data was good. The difference between the drag measured for each low-fidelity ice shape and the drag measured for the high-fidelity representation were plotted against Reynolds number for all the configurations for which data are available. For all the ice-shape fidelities and each of the different ice shapes, the agreement between the two facilities was quite good which indicates that lower-Reynolds number facilities can be useful for studying the drag effects of these various-fidelity ice shapes on swept wings.
Neither drag-based performance parameter showed significant Reynolds number effect, and the 3D smooth + grit ice shapes exhibited no variation with Reynolds number. More ice shapes should be tested and compared using similar metrics in order to draw more definitive conclusions regarding the usefulness of extrapolating results from low-Reynolds number facilities to flight Reynolds numbers.
The results presented in this paper have demonstrated that the fidelity by which sweptwing ice shapes are represented has a substantial impact on the aerodynamic performance of that wing with the artificial ice shape. Additional data sets are needed in both low-and high-Reynolds number facilities. Swept-wing icing offers a particularly challenging problem for aircraft manufactures, and the suggested future studies in Section III.F. will provide a better understanding of the impact of and flowfields associated with these ice shapes.
